It is now widely accepted that mechanical ventilation may damage the lung, but the mechanism of lung damage is not clear. Possible causes include overdistension of aerated alveoli by inappropriately large tidal volumes (volutrauma), shear stresses generated during the recruitment and de-recruitment of lung units at the junction of aerated and collapsed lung, and infective or ischaemic necrosis of persistently collapsed lung. Computerized tomography allows noninvasive assessment of lung structure during and after acute lung injury, and may provide insight into the mechanism of lung damage. Using serial high resolution computed tomography we documented lung structure one month after recovery from severe protracted adult respiratory distress syndrome (ARDS) in three patients who required mechanical ventilation for between 86 and 97 days; the computed tomograms were repeated at between 5 and 14 months. All three patients had persistent abnormalities of lung structure which were most marked in the anterior regions of the lung. These findings suggest that overdistension of non-dependent lung regions is the main mechanism of lung damage persisting after recovery from severe protracted ARDS.
Extra-alveolar air, presenting as pneumothorax, pneumomediastinum and/or pneumoperitoneum, is the most obvious manifestation of ventilator-associated lung damage. It is evident in 0.5% to 25% of patients undergoing positive pressure ventilation 1, 2, 3 , and in up to 88% of patients with severe acute respiratory failure or adult respiratory distress syndrome (ARDS) 4 . Recent radiological and pathological studies 6 have confirmed that more covert forms of injury such as airspace enlargement and pulmonary interstitial emphysema are far more common.
The concept of barotrauma was introduced to explain development of extra-alveolar air in patients who had often been exposed to high airway pressures. This reinforced the view that high airway pressure caused lung damage. However, animal studies suggest that overdistension of aerated lung, or shear stresses during lung expansion rather than the pressure itself, are the real cause of the damage 7 . Thus the concept of "volutrauma" has gained popularity and current recommendations contend that plateau airway pressure, the best bedside indicator of alveolar pressure, should be limited to minimize lung damage 8 . If necessary a significantly increased arterial partial pressure of carbon dioxide should be accepted rather than expose the patient to persistently high airway pressure 9 .
However, patients with ARDS may be ventilated using positive end-expiratory pressure (PEEP) as high as 50 cmH 2 O without increasing the incidence of barotrauma 10 , and not all patients who develop lung damage have been ventilated with high airway pressure. These findings suggest that other mechanisms must also play a part.
Further doubt about the mechanism of lung damage stems from the distribution of airspace enlargement reported in some studies. In the acute and subacute stages of ARDS the dependent portions of the lungs are poorly aerated or completely collapsed 11 , and should be less prone to baro-or volutrauma than the aerated, non-dependent zones. Surprisingly, in two radiological studies, bullae were found mainly in dependent lung regions 5 , and pulmonary fibrosis was most pronounced in lung regions that had been densely consolidated 12 . Thus two further theories have emerged; first, that damage is due to ischaemic or infective necrosis in persistently collapsed dependent lung regions 5 , and second, that shear stresses occurring at the junction of aerated and collapsed lung cause the damage 13 . Both these mechanisms would produce damage in the dependent lung region, whereas damage due to alveolar overdistension would affect predominantly the aerated, non-dependent (anterior) lung zones.
The predominant mechanism is of much more than academic interest, as ventilator strategies to avoid lung damage will be different, depending on the mechanism of the damage.
The aim of this study was to document the nature and distribution of persistent abnormalities of lung structure in three patients who survived particularly severe protracted ARDS with significant pulmonary impairment, and so to gain further insight into the mechanisms by which clinically important lung damage occurs in such patients.
MATERIALS AND METHODS
Three patients who survived severe protracted ARDS with significant impairment of pulmonary function were studied. Patient 1 was admitted to ICU with septic shock secondary to Crohn's disease and developed classical ARDS. Pulmonary artery catheterization confirmed high output septic shock with low pulmonary artery occlusion pressure (10 mmHg). The chest radiograph showed bilateral diffuse alveolar infiltrates. Patient 2 was a 16-year-old girl admitted to a local district general hospital ICU with ARDS secondary to trauma complicated by sepsis. She was profoundly hypoxaemic, chest radiograph showed bilateral diffuse alveolar infiltrates and pulmonary artery catheterization demonstrated a low pulmonary artery occlusion pressure. Patient 3 was a 39-year-old West African man admitted to our ICU from the local spinal injuries unit. A gunshot had transected his spinal cord at the level of the fourth thoracic segment and caused lung contusion and a left haemothorax. He was transferred to our unit because of worsening ARDS secondary to mediastinal sepsis.
All three patients underwent pulmonary function testing and high resolution computed tomography of the chest following discharge from the Intensive Care Unit as part of their normal clinical management. Retrospective review of the patients' ICU charts was carried out to document their ventilator management and episodes of overt barotrauma. Pulmonary function tests and chest high-resolution computed tomography scans were reviewed to determine persisting abnormalities of lung structure and function. As no additional interventions were required, the Institutional Ethics Committee waived any requirement for consent.
RESULTS
Review of the patients' ICU charts showed that they required mechanical ventilation for 86, 90 and 97 days. All three were ventilated with synchronized intermittent mandatory ventilation at conventional respiratory rates (10-20 breaths per minute). Tidal volume was reduced to as little as 4.5 ml/kg in an attempt to limit peak inspiratory pressure, and the strategy of permissive hypercapnia was adopted. P a CO 2 increased markedly in all three cases. Despite this policy all three patients were subjected to high airway pressures for prolonged periods, and all suffered overt barotrauma. Patient data and ventilator management is summarized in Table 1 . Patient 1 had the longest and most difficult ventilatory course. Median daily peak (PIP) and end expiratory (PEEP) pressures, P a O 2 and P a CO 2 values are shown in Figure 1 .
Pulmonary function testing was performed at between two and 14 months after discharge from the ICU. Patients 1 and 2 had full testing on two occasions. Patient 3 was paraplegic at the level of the fourth thoracic segment and this limited pulmonary function testing to bedside spirometry on one occa- sion. All three patients had persistent abnormalities of tested parameters. In Patients 1 and 2 these improved somewhat at the second testing, but they remained markedly abnormal ( Table 2) .
High resolution computed tomography CT scans of the chest were performed at one month and five months after ICU discharge in Patient 1, one month and 14 months in Patient 2, and at one month and six months in Patient 3. The findings were:
Patient 1: Chest high resolution computed tomography one month after ICU discharge: wide-spread ground-glass opacification, anterior traction bronchiectasis and cystic changes. A repeat scan at five months was unchanged ( Figure 2 ). Patient 2: Chest computed tomography after 72 days mechanical ventilation showed dependent consolidation, a hydropneumothorax, a large subpleural cyst and multiple smaller cysts (Figure 3) .
Chest high resolution computed tomography performed one month after ICU discharge showed enlargement of the subpleural cyst, bilateral anterior traction bronchiectasis and honeycombing, and multiple small subpleural cysts. A repeat scan at 14 months was unchanged (Figure 4 ).
Patient 3: High resolution computed tomography of the chest after 45 days mechanical ventilation showed widespread consolidation, multiple small cysts and bilateral pneumothoraces ( Figure 5 ).
High resolution computed tomography one month after ICU discharge showed anterior honeycombing and traction bronchiectasis, bilateral pleural effusions and a large pneumatocoele. At six months the pleural effusions had resolved but the scan was otherwise unchanged ( Figure 6 ).
DISCUSSION
This report documents the abnormalities of lung structure and function in three patients who survived persistent ARDS of extreme severity. The study may be criticized for reporting on only three patients, but the number of patients surviving such severe ARDS in any one institution will always be small. In addition, the published data on lung structure during recovery from ARDS are extremely limited, and any additional knowledge may be welcomed. Our study demonstrates persistent structural abnormality which is most marked in the anterior portion of the lung. This suggests alveolar overdistension as the major mechanism of persisting lung damage following ARDS of extreme severity. This contrasts with the data reported by Gattinoni et al 5 on 16 patients who underwent computed tomography during ARDS, of whom only five underwent computed tomography during ARDS of longer than two weeks' duration. In their patients most lung damage was observed in the dependent portion of the lung, but lung structure in survivors was not reported. In their study the survival of patients with ARDS of greater than two weeks' duration was 35%, making it likely that only one or two of these five patients would have been available for radiological follow-up. As the authors noted, the distribution of bullae in their study was surprising as the dependent lung is often collapsed in early ARDS and should be protected from baro/volutrauma. They postulated that infection or ischaemic necrosis in the dependent collapsed lung may have caused damage early in ARDS, with bulla formation occurring later when the lung is reexpanded and exposed to high airway pressures. Some support for this theory comes from the pathological study of Rouby et al 6 . In this study the lungs of thirty young patients who died whilst undergoing mechanical ventilation for acute respiratory failure were removed within twenty minutes of death and subjected to careful and detailed histological examination. Airspace enlargement was found in 87% of cases (26 of the 30 lungs examined). Intraparenchymal pseudocysts were found in inflamma-572 S. FINFER, G. ROCKER Anaesthesia and Intensive Care, Vol. 24, No. 5, October 1996 tory and fibrotic areas of the lungs and around foci of bronchopneumonia. These findings might offer support to the theories put forward by Gattinoni and coworkers. However, Rouby's study also reported pleural aircysts found predominantly in the upper lobes and non-dependent portions of the lung, and alveolar overdistension in lung areas free of inflammatory changes. In addition they found that pneumothoraces occurred more often in patients with severe airspace enlargement and that patients with severe airspace enlargement had been ventilated with higher peak airway pressure.
How do we reconcile our findings with these other reports? We have reported patients who survived severe protracted ARDS and we have concentrated on lung damage persisting after recovery. It is possible that we have documented the end result of a process that involves a different distribution of lung damage at different stages. However, two of our patients had chest computed tomography whilst still ventilated (Figures 3 and 5) , and corresponding to the late stage of ARDS as defined by Gattinoni. These scans demonstrate diffuse lung damage affecting primarily the anterior lung, suggesting that our results are in conflict with Gattinoni's. Further study of a larger population from the onset of ARDS to recovery will be necessary to determine if this is the case. We have reported findings in a small sample of the patient group that matters the most, namely patients who survive severe protracted ARDS. As more patients are surviving severe ARDS 14 , but many surviving with significant respiratory system impairment 15 , it is important to define whether ventilatorinduced lung damage contributes to that impairment. Our patients had significant abnormalities of respiratory function associated with structural abnormality on high-resolution computed tomography. The distribution of the structural abnormality suggests alveolar overdistension as the predominant mechanism. If this is the case then ventilator management should be directed at avoiding alveolar overdistension by avoiding high airway pressures and accepting hypercapnia. In contrast, if lung damage was found predominantly in the dependent portion of the lungs and thought to be due to persistent lung collapse, then the ventilator strategy should be tailored to "recruiting" the collapsed lung and keeping it aerated. In such a strategy the early use of PEEP 16 and routine use of prone positioning 17 might be justified. It may also be possible that both these strategies are correct, but that they should be used at different stages of ARDS.
At the present time we have a real need of further data to determine the mechanisms of ventilator-induced lung damage. The limited data we present here suggest that overdistension is an important mechanism in producing persisting lung damage. We suggest that airway pressure limitation is justified in patients with severe protracted ARDS, both in the hope of improving survival 9 and to minimize persistent lung damage in those who do survive.
